Introduction
Chemical-looping combustion (CLC) has been shown to be a promising combustion technology for power production with integrated CO 2 capture (Adánez et al., 2013; Eyring et al., 2011; Hossain and de Lasa, 2008; Mattisson et al., 2009) . In CLC, a metal oxide (Me/MeO) that acts as an oxygen carrier, is alternately reduced by a fuel (syngas or natural gas) in a fuel reactor and oxidized by air in an air reactor, facilitating the intrinsic separation of CO 2 from a nitrogen-free CO 2 exhaust stream. This is made possible because direct contact between fuel and combustion air is avoided. To be competitive with other state-of-the-art technologies, CLC should be operated at very high temperatures (1000-1200°C) and high pressures (15 bar or higher) (Noorman, n.d.; Wolf et al., 2005) . Because of these very demanding conditions, a system of dynamically operated packed bed reactors have been proposed and developed (Noorman, n.d.) , since it is technologically very challenging to accomplish high pressure operation with interconnected fluidized bed reactors. The CLC concept based on packedbed technology is illustrated in Fig. 1 .
Selecting a suitable oxygen carrier is one of the most crucial steps in the development of CLC processes and many studies have been carried out to screen and develop suitable oxygen carriers.
Accurate modelling of the redox kinetics of the oxygen carriers is extremely important for packed-bed CLC processes, as the kinetics determine to a large extent the amount of fuel slip, because this is directly related to the width of the fuel concentration fronts in the packed-bed reactors, and consequently influences the overall process efficiency. In previous studies, a slower reaction rate was observed for several oxygen carriers after a certain solids conversion, see amongst many others (Adánez-Rubio et al., 2014; Goldstein and Mitchell, 2011; Hossain and de Lasa, 2010; Kruggel-Emden et al., 2011; San Pio et al., 2017a , 2016a , typically at around 75% particle conversion at 800°C and at 65% at 600°C, which needs to be better understood to be able to more accurately describe the redox kinetics and ultimately optimize the packedbed CLC process.
Cu-based oxygen carriers have been extensively used in previous works due to their high reactivity even at lower temperatures García-Labiano et al., 2004) . Different supports can be used among which the most common are Al 2 O 3 and SiO 2 . In previous studies (San Pio et al., 2017a Pio et al., , 2016a , it was suggested that the slower reaction rates of CuO/Al 2 O 3 oxygen carriers at high conversion may be attributed to the formation of different spinel compounds, which may have lower reactivity compared to CuO. Also in a previous work (San Pio et al., 2016b) , the surface m initial initial mass of the particle, g m particle mass of the particle, g m ox mass of the particle in oxidized state, g m red mass of the particle in reduced state, g n mol number of moles, mol reaction rate third reduction reaction of spinel, mol/m 3 s r c radius centre, m R gas universal gas constant, J/K mol T temperature, K V particle volume of the particle, m 3 q particle molar density of the particle, mol/m 3 area of the reduction and oxidation reactions were studied, observing that surface area was decreasing with the number of redox cycles, even while the kinetics were in steady state after the second cycle for each temperature, indicating that it does not play a role in the description of the redox kinetics.
On the other hand the CuO/SiO 2 oxygen carrier does not exhibit any interaction between CuO and the support (Liu et al., 2016) . XRD has been performed at the end of the reduction, at the end of the oxidation as well as at the intermediates states of the reduction reaction and no interaction (i.e. reaction) between the CuO and SiO 2 was observed, and the only Cu-phases present in the CuO/SiO 2 oxygen carrier were CuO, Cu and Cu 2 O. However in some other works ( (Espinós et al., 2002; Gong et al., 2012) ) the interaction between CuO and SiO 2 has been study but the experimental conditions used, i.e. temperature and amount of CuO, were different from the ones used in this work.
Having a material with no interaction between the active phase and the support allows to study the kinetics of oxygen uncoupling and reduction of CuO to Cu without interference of spinel compounds, as a first step to ultimately also describe the reduction kinetics of CuO in other oxygen carriers that do have interactions between the metal oxide and the support, such as CuO/Al 2 O 3 .
When the CuO reacts with the support (CuO/Al 2 O 3 ), the mechanism becomes much more complicated, because the reactions of the metal oxides with the support, such as tenorite spinel (CuAl 2 -O 4 ) and cuprite spinel (CuAlO 2 ), as they are denoted in this work, also start to play an important role. A short overview of the most important reactions during the reduction and oxidation of CuO/ SiO 2 and CuO/Al 2 O 3 oxygen carriers is given below.
Spinel can be reduced to copper and to copper aluminium oxide as follows:
Oxidation reactions:
Oxygen uncoupling is the thermal decomposition of the CuO given by the following reaction equation (Hu et al., 2016) :
This reaction generally occurs under N 2 environment at high temperatures, above 800°C (Adánez-Rubio et al., 2011; Hu et al., 2016; Mattisson et al., 2009) .
The objective of this paper is to understand and quantitatively describe the redox kinetics of CuO/SiO 2 and CuO/Al 2 O 3 oxygen carriers, including the reaction rates of the oxygen uncoupling, reduction and oxidation reactions of the different involved species.
First, the oxygen uncoupling of CuO/SiO 2 is investigated and rate expressions are developed using a shrinking core model and a simplified a pseudo-homogeneous particle model to describe its kinetics under various operating conditions. Subsequently, the reduction of CuO to Cu of CuO/SiO 2 is studied, including the development of kinetic rate expressions to describe the kinetics of the reduction quantitatively. Finally, the study is extended to investigate the effects of spinel compounds on the redox kinetics of CuO/Al 2 O 3 , which is then included in an extended pseudohomogeneous model that is able to predict the drop in reaction rate, as well as the final solids conversion as a function of operating conditions. First, the experimental setups, procedures and characterization techniques are shortly described in the next section.
For this study, TGA experiments already performed in a previous work (San Pio et al., 2017a) Pio et al., 2017b ) that the reaction kinetics are not affected by the total pressure or different H 2 concentrations, but only by the different temperatures (San Pio et al., 2017b) .
Materials and methods

Measurement of the redox kinetics and oxygen uncoupling
The experiments carried out in this work have been performed in two different thermogravimetric analysers (TGAs) with a 70 wt% CuO/SiO 2 oxygen carrier (powder with a particle size distribution 300-500 mm -obtained with Fritsch Analysette 22) and a 12.5 wt % CuO/Al 2 O 3 oxygen carrier (particles of 1.1 mm diameter, specifications by Sigma-Aldrich).
The TGAs, described in more detail in the next sections, were used in this work to measure the kinetics of oxygen uncoupling and reduction and oxidation rates at different temperatures and partial pressures of oxygen for the oxygen uncoupling.
The reproducibility between the two TGAs used in this work was demonstrated as well as the absence of mass transfer limitations, in a previous work (San Pio et al., 2017b) , where it was shown that the same kinetics results are obtained with the two TGAs (high pressure and low pressure). That is why they are used indistinctly to measure the reaction kinetics. For the absence of mass transfer limitations more details are given in [ (Hamers et al., 2015; San Pio et al., 2017b) ].
The reactivity of all the reduction experiments described in this work has been measured using consecutive redox cycles starting always from the same starting conditions, i.e. three redox cycles at 1000°C, atmospheric pressure and 50% H 2 , 50% N 2 as reducing gas (San Pio et al., 2017a) . The reduction cycles were carried out using 50% H 2 and 50% N 2 in the reduction, and air during the oxidation cycles, at different temperatures ranging from 600°C to 1000°C. Redox cycles consist of 15 min reduction and 10 min oxidation with two minutes purge (with nitrogen) between the reduction and oxidation cycles to avoid mixing of the different reactants. The N 2 and H 2 used in these experiments have a 99.999% purity (with O 2 < 4 ppm), and 99.9999% (with O 2 < 0.5 ppm), respectively, according to the specifications (Linde gas).
For the oxygen uncoupling experiments, the conditions used were air for the oxidation cycles and a mixture of O 2 -N 2 for the uncoupling reaction, where different percentages of oxygen were fed.
Blank measurements were performed for each experiment in both TGAs used in this work, under the same conditions, using the empty basket to correct the balance signal for density and volumetric flow rate changes inside the reactor caused by changes in the feed composition (e.g. N 2 compared to H 2 ) and/or reactor temperature.
The oxygen carrier conversion (X s ) is subsequently calculated from the observed mass change in the oxygen carrier under different experimental conditions, according to Eqs. (10) and (11), where m is the mass at time t and m ox and m red are the mass of the fully oxidized and reduced forms of the oxygen carrier.
The oxygen transport capacities are given for a specific combination of Me-MeO (Adanez et al., 2012 
Magnetic suspension balance
The magnetic suspension balance is a TGA from Rubotherm (MSB), where the mass change is measured, while the reactant concentration, the temperature or the pressure is varied. It is a High-Pressure Thermogravimetric-Analyser (HPTGA). In this setup, the solid sample (typically 100 mg) is placed in a quartz glass sample holder, which is hanging to a balance with an Ir wire connected to a permanent magnet. The operating conditions can vary between 1 and 30 bar and 20-1200°C. Air, H 2 , CO, CO 2 , CH 4 and steam can be fed as reactants. Gas flow rates are controlled by Mass Flow Controllers (Bronkhorst) with the total gas flow rate set at 480 mL/min (Hamers et al., 2015) . The reactant gases are supplied at the top of the reactor. The reactor is surrounded by a vessel that is maintained at lower temperature. Argon is supplied to this vessel to prevent that reactant gases can enter and mix in the insulation layer. A schematic representation of the setup is provided in Fig. 2 . Before a series of experiments is started, the system is first pressurized and the reactor is set at the desired operating temperature. When this temperature is reached and the system has been stabilized, redox cycles are carried out consisting of 15 min reduction, 10 min oxidation with 2 min purges with N 2 .
Low-Pressure Thermogravimetric-Analyser (LPTGA)
A second TGA, referred to as the low-pressure TGA, is used to measure and analyze the oxygen carrier reactivity at different operating conditions. This TGA consists of a cylindrical quartz reactor (15 mm i.d.) placed in an oven that can be operated at up to 1200°C and atmospheric pressure. A schematic representation of the setup is given in an earlier work (San Pio et al., 2016a) . A sample (typically about 100 mg) is placed in a porous quartz sampleholder (40 lm pore size) connected to a CI Precision microbalance with a platinum wire. The temperature and weight of the sample are continuously monitored. Gas flow rates are controlled by mass flow controllers (Bronkhorst) with the total gas flow rate set at 480 mL/min, with which it was already demonstrated before that mass transfer limitations can be excluded (Hamers et al., 2015; San Pio et al., 2017b) .
X-Ray diffractometer (XRD)
Crystalline species were identified by X-ray Diffraction (XRD) in a Rigaku MiniFlex 600 diffractometer at 298 K with a mobile Cu anode.
Results and discussion
First the results for the oxygen uncoupling and redox kinetics of the CuO/SiO 2 oxygen carrier are discussed. For CuO/SiO 2 it is known that the copper oxide does not interact with the support, achieving full conversion in the redox cycles (oxidationreduction) at each temperature. This was confirmed with XRD analysis for fresh CuO/SiO 2 (showing that initially the oxygen carrier is fully oxidized), and the fully oxidized and fully reduced sample (the corresponding XRD patterns are provided in Fig. 1 of the supplementary material).
Oxygen uncoupling in CuO/SiO 2
TGA experiments were carried in order to study the oxygen uncoupling (OU) reaction rates, viz. the rate of conversion of CuO to Cu 2 O, Eq. (9), at different conditions. In Fig. 3 .a the CuO conversion as a function of time is plotted for different O 2 concentrations at 900°C. Under pure nitrogen atmosphere practically full conversion is reached, while increasing the oxygen concentration in the feed both the reaction rate and the final conversion decrease. The same behaviour was also reported before in literature and is related to the increase in the cuprite oxidation rate at higher oxygen concentrations (see Eq. (9)).
In Fig. 3b the conversion of CuO as a function of time is plotted for different temperatures under pure nitrogen, showing that the final conversion (to Cu 2 O) is always close to 100% at higher temperatures, but that the reaction rate decreases at lower temperatures. The final conversion decreases strongly for temperatures below 850°C because of thermodynamic constraints, since the equilibrium oxygen concentration, and thus the driving force of the reaction, decreases strongly for lower temperatures. At 800°C the equilibrium concentration and thus the oxygen uncoupling reaction rate, is very low and at 700°C practically null (Mattisson et al., 2009) , even when feeding pure nitrogen.
In order to verify whether full (oxygen uncoupling) conversion was achieved for the case with almost 100% conversion, the sample was characterized with XRD. It was found that only Cu 2 O and SiO 2 were present, confirming that the CuO was indeed fully reduced to Cu 2 O, see Fig. 4 showing the XRD pattern of the CuO/SiO 2 material after oxygen uncoupling at 900°C under pure nitrogen.
A shrinking core model has been developed to describe the kinetics of the oxygen uncoupling reaction at the conditions shown in Fig. 3a and b. The model basically consists of a set of partial differential equations describing the radial concentrations inside a grain, which is subsequently solved numerically with a standard finite difference technique.
To elucidate which parameters to take into account in the model, the reaction rate of the oxygen uncoupling has been plotted as a function of the copper oxide concentration after 200 s (determined from the weight change) for different temperatures in Fig. 5 . A clear linear dependency of the reaction rate with the copper oxide concentration can be observed, which is subsequently used in the oxygen uncoupling kinetics.
On the basis of the TGA and XRD experimental results the following reaction rate was assumed for the oxygen uncoupling:
where k f ;OU represents the forward reaction rate, K eq;OU the equilibrium constant, and C CuO and C Cu 2 O are the molar concentrations of copper oxide and cuprite, respectively, changing in time according to the reaction rate. In several literature studies Hamilton et al., 2016; Hu et al., 2016; Sahir et al., 2012) only the oxygen concentration or partial pressure in the gas phase as well as in equilibrium were taken into account. In our model, the reaction rate of the oxygen uncoupling reaction also depends on the solids concentrations, following Eq. (12). The unsteady mass balance equations involved in the shrinking core model (SCM) for the grain are the following:
for CuO :
for Cu 2 O :
for O 2 :
Note that in this model, diffusion of molecular oxygen and reaction of tenorite or cuprite with molecular oxygen has been assumed for the sake of simplicity, but the phenomena are most likely much more complicated and probably proceed via diffusion of oxygen vacancies (Xu and Thomson, 1999) , and reactions with oxygen vacancies/lattice oxygen. This would, however, require a much more detailed model with many more assumptions and with more reaction rate constants to be fitted for e.g. oxygen splitting and recombination, while the current experimental data cannot be conclusive about these details. As will be shown, the current simplified model is very well capable of describing the tenorite/cuprite rate of conversion. As boundary conditions for the oxygen mass balance, zero gradient is imposed in the grain centre (because of symmetry), @C CuO @r ðr ¼ 0Þ ¼ 0, while the oxygen bulk concentration is imposed on the grain surface C O 2 ðr ¼ RÞ ¼ C O 2 ;bulk , i.e. external mass transfer limitations can be ignored, as was experimentally verified before (San Pio et al., 2016a) , and the oxygen surface concentration equals the oxygen feed concentration, lumping the oxygen distribution coefficient into the kinetic rate constants. The initial concentration of tenorite was 79389 mol/m 3 , calculated with the density and molar mass of CuO. All the reaction rate constants in this work are assumed to follow an Arrhenius dependency, given by:
The grain diameter was estimated from SEM images at 10 À7 m. The oxygen diffusion coefficient has been fitted together with the reaction rate constants (via minimization of the sum of the quadratic differences between the computed and experimentally determined particle conversions) at D O 2 = 10 À10 m 2 /s. As a first step, the oxygen uncoupling reaction rate constant (k f, OU ) was fitted separately for each temperature, viz. 900°C, 885°C, 870°C and 855°C. As an example, Fig. 6 shows the conversion as a function of time for the model and the experiments at 900°C and 870°C when only N 2 is used as feed gas, and at 900°C with 0.875% O 2 in the feed. In this last case a decrease in conversion can be clearly observed (see also Fig. 3a) . A very good agreement between the modelling and the experiments is obtained, showing that the model is able to predict the lower reaction rate at lower temperatures as well as the decrease in the final conversion. The corresponding radial concentration profiles inside the grain obtained from the model as a function of time are plotted in Fig. 7 . The sharp concentration profiles obtained for CuO and Cu 2 O are quite typical for a shrinking core model in the kinetically limited regime.
Taking into account all the temperatures shown in Fig. 3 .b, the pre-exponential factor and the activation energy was calculated for k f ;OU and K eq;OU (The corresponding Arrhenius plots are given in the supplementary material). The thus determined pre-exponential factors and activation energies for the oxygen uncoupling and cuprite oxidation are reported in Table 1 . K eq;OU was not taken from literature because in this work, contrary to other researchers Hamilton et al., 2016; Hu et al., 2016; Sahir et al., 2012) , the concentration of the solids has also been taken into account and not only the oxygen concentration or partial pressure in the gas phase as well as in equilibrium. That is why it was fitted in two different ways (first obtained from k f ;OU and k b;OU and then fitted separately), obtaining a very good agreement with the values reported in the literature (Adánez-Rubio et al., 2014; Mattisson et al., 2009 ).
Reduction reaction for CuO/SiO 2
For the reduction experiments carried out in this work, a mixture of 50% H 2 and 50% N 2 was used. The first question that arises is whether the copper oxide is reduced directly to copper, or whether the reduction in the presence of hydrogen also proceeds first to cuprite and then to copper. To answer this question and better understand the reduction rates, dedicated ''stop and check" experiments were carried out. A reduction was performed and stopped after 5, 10 or 20 s, and each time XRD analysis was carried out to determine the chemical phases present during the reduc- tion. These reduction experiments were performed at 700°C, so that oxygen uncoupling during the N 2 purge between the oxidation and reduction cycles can be excluded (see Fig. 3b showing no oxygen uncoupling activity at 700°C). The results of the XRD characterization have been reported in Fig. 8 , where only the significant peaks have been marked.
In the XRD patterns the presence of cuprite is observed during reduction. As the temperature is too low for oxygen uncoupling to occur (see Fig. 3b ), this suggests that the reduction of copper oxide in the presence of H 2 may also proceed via cuprite (although partial direct reduction of CuO to Cu cannot be excluded). The reduction reaction mechanism can then be written as follows: 
This does not exclude the possibility of oxygen uncoupling at higher temperatures, although the reduction occurs via Cu 2 O independently on the oxygen uncoupling amount that can be present (already shown at 700°C where no uncoupling occurs).
To study the reaction rate of the Cu 2 O reduction, a fully oxidized CuO sample was treated with N 2 to achieve full oxygen uncoupling (100% conversion to Cu 2 O as described above). Afterward, the sample was reduced with H 2 . Fig. 9 shows the conversion as a function of time of Cu 2 O to Cu at different temperatures. It clearly shows that the cuprite reduction rate hardly depends on temperature, and that the final conversion and the initial kinetics are virtually the same for the experiments carried out at 900°C, 800°C and 700°C.
In Fig. 10 the reduction conversion as a function of time from CuO to Cu are shown for different temperatures. Also the reduction from CuO to Cu is hardly affected by the temperature and the initial kinetics and final conversion are virtually the same for the experiments carried out at different temperatures, viz. 870°C, 700°C and 600°C.
The absence of any temperature dependency may suggest that diffusion may be the rate determining step. Therefore, first, a shrinking core model was developed assuming H 2 diffusion through the grain and reaction with a moving front corresponding to a shrinking core model. The following rate equations were assumed for the tenorite reduction to cuprite (red,1) and the cuprite reduction to copper (red,2) Tenorite reduction : r red;1 ¼ k red;1 C CuO C H 2 ð17Þ
Cuprite reduction : r red;2 ¼ k red;2 C Cu 2 O C H 2 ð18Þ
The mass conservation equations for the shrinking grain model are the following:
For CuO :
For Cu 2 O :
For Cu :
Note that for simplicity, again the diffusion and reaction with molecular H 2 has been assumed. The actual mechanism may be much more complicated with H 2 splitting. For the boundary conditions for the H 2 mass balance, zero gradient in the core and the imposed H 2 bulk concentration at the grain surface has been assumed (lumping the H 2 distribution coefficient in the reaction rate constants), respectively given by @C H 2 @r ðr ¼ 0Þ ¼ 0 and C H 2 ðr ¼ RÞ ¼ C H 2 ;bulk . The concentration of H 2 has been calculated with the ideal gas law, assuming the conditions used in the TGA (50% of H 2 at atmospheric pressure). The diffusion of H 2 through the grain was fitted together with the reaction rate constants, obtaining D H 2 = 3 10 À10 m 2 s À1 . The reaction rate constants in the two reaction rates Eqs. (17) and (18) are fitted with the experiments shown in Figs. 9 and 10. Fig. 11 shows the comparison between the experimentally determined conversion and the model predictions at different temperatures. A good agreement between the model and the experiments is observed for the reduction reaction rates from CuO to Cu. The validation has been done also at 700°C and 600°C but only two temperatures are reported here.
In Fig. 12 the radial profiles inside the grain are plotted as a function of time for the concentration of CuO, Cu 2 O and Cu. It can be observed how the reduction from CuO to Cu occurs via Cu 2 O, formed in the first reduction reaction and consumed in the second reduction reaction. Indeed, at the reaction front where CuO is consumed, one can observe a higher concentration of Cu 2 O than Cu. On the other hand, at longer times, the Cu 2 O is consumed and Cu is formed (see Fig. 12b ). A comparison of reaction rates, at the front where CuO is converted (position 1), shows indeed that for t = 10 s of reaction, the first reduction rate is 8.52 10 4 mol/m 3 s and the second reduction rate is 6.4 10 1 mol/m 3 s. For longer times (see Fig. 12b ), the first reduction rate is 5.66 mol/m 3 s and the second reduction rate is 3.35 10 2 mol/m 3 s.
The pre-exponential factors and activation energies have been fitted for the two reduction reactions, Eqs. (1) and (2) After developing the shrinking core model for the reduction of CuO to Cu via Cu 2 O, a simplified pseudo-homogeneous particle model has been developed to describe the reduction kinetics of CuO/SiO 2 assuming uniform concentration profiles inside the grains. With a pseudo-homogeneous model the extension of the kinetics model to describe the reduction of CuO/Al 2 O 3 accounting for the effect of the presence of different spinel compounds is much facilitated. Also the incorporation of the kinetics model into more comprehensive (packed-bed) reactor models is made much easier, without much compromise on the accuracy as will be shown in this section, and in particular in view of the much slower reaction kinetics of the spinel compounds, which will be further detailed in the next section. To be able to include multiple reactions and multiple solid species, the model and the experimental results are reported as the sample mass or mass change as a function of time, where the mass change is negative in case of reduction and positive in the case of oxidation and it is evaluated as:
where m change is the mass change as a function of time, m initial, the initial mass of the experiment and m t the mass at reaction time t.
The kinetics for the reduction mechanism in the homogeneous model are as follows:
The reaction order od H 2 is zero, as it was proved in a previous work (San Pio et al., 2017b) . Note that in the pseudo-homogeneous model we have used the partial pressure of hydrogen instead of the hydrogen concentration as is usually done. The kinetics have also been calculated assuming the reaction rates depending on the concentration of hydrogen instead of on the partial pressure to enable a direct comparison with the results for the SCM. In these cases the equations are shown in the section above, Eqs. (18) and (19), where
because external mass transfer limitations can be ignored. Both reaction rate constants are assumed to follow an Arrhenius type dependency on temperature.
C CuO and C Cu 2 O are the concentrations of copper oxide and cuprite, respectively, calculated as following:
where n mol are the number of moles of the solid, calculated from the initial mass of the solid and the percentage of the material in the carrier, and V particle the particle volume calculated as follows:
where m particle and q particle are the mass and molar density of the particle respectively. Table 3 shows the density of the different materials.
First, experiments were carried out starting from Cu 2 O (obtained after full oxygen uncoupling conversion from CuO to Cu 2 O under N 2 supply) which was further reduced to Cu under H 2 supply, where full conversion of Cu was achieved (see Fig. 9 ).
From these experiments the cuprite reduction reaction rate constant k red,2 was fitted. Subsequently, the tenorite reduction reaction rate constant k red,1 for the reaction of CuO under H 2 supply to Cu 2 O was fitted (while accounting for the consecutive cuprite reduction). The obtained values for the reaction rate constants have been listed in Table 4 , where the activation energies for both constants are negligibly small, as was already confirmed with the results shown in Fig. 9 (the Arrhenius plots are shown in supplementary material).
In Fig. 13 , a comparison between the model predictions and the experimental results for the reduction of CuO to Cu via Cu 2 O in the presence of hydrogen at 870°C and at 600°C is shown, and Fig. 14 shows a comparison between the pseudo-homogeneous model and the SCM. It can be observed that both the pseudo-homogeneous and SCM predict the experiments with a good agreement, predicting the lower reaction rate at a certain percentage of conversion as well as the final conversion. We can conclude that the pseudohomogeneous model provides a fair approximation of the SCM for describing the reduction reaction of CuO to Cu, related to the fact that the H 2 diffusion does not play a dominant role, and the conversion is again mainly determined by chemical kinetics, although the radial concentration profiles inside the grains for the reduction reaction are not as steep as for those for the oxygen uncoupling.
Comparing Tables 2 and 4 , it can be observed that the values for the pre-exponential factors and the activation energies (virually zero) are in the same order of magnitude, confirming that the pseudo-homogeneous model gives a good approximation.
Pseudo-homogeneous model for the oxidation reaction of CuO/ SiO 2
The pseudo-homogeneous model was also applied for the oxidation reaction of Cu to CuO for the CuO/SiO 2 oxygen carrier. The reaction rate is shown in Eq. (26).
The model has been applied for several temperatures (but only the plots for the experiments at 800°C and 900°C are shown) and the validation can be observed in Fig. 15 . The Arrhenius plots are shown in the supplementary material. A good agreement between the modelling results and the experiments is observed and the results for the kinetics parameters are listed in Table 5 (see Fig. 16 ).
Pseudo-homogeneous model for the oxygen uncoupling reaction of CuO/SiO 2
Finally, for completeness, the pseudo-homogeneous model has also been developed for the oxygen uncoupling reaction (Eq. (9)). The reaction rate is shown in Eq. (12), where k f ;OU and K eq;OU are fitted with the experiments at different temperatures. The Arrhenius plots are shown in the supplementary material.
The pseudo-homogeneous model can predict the final conversion at different operating conditions reasonably, but it does not describe the oxygen uncoupling reaction rate as good as the SCM. As expected, the oxygen uncoupling reactions show a more abrupt change in the reaction rate when the final conversion is reached, which is somewhat better described with the SCM (see also Fig. 7 , where the radial concentration profiles for CuO and Cu 2 O have a sharp reaction front).
The results are summarized in Table 6 , where it can be observed that the values for the pre-exponential factors and the activation energies for the oxygen uncoupling reaction with the pseudohomogeneous model are in the same order of magnitude as those with the SCM (see Table 1 ).
Reduction of CuO/Al 2 O 3
After the investigation of the reduction kinetics of the CuO/SiO 2 oxygen carrier, in this section this study is extended to the investigation of the reduction kinetics of CuO/Al 2 O 3 accounting for the effects of the formation of spinel compounds on the reaction kinetics. It is assumed that the reduction kinetics of CuO to Cu is independent of the support, and it will be shown in this section that the kinetics can be described well with this assumption. All the characterization (TGA, XRD) to elucidate the reduction mechanism of CuO/Al 2 O 3 are extensively explained in (San Pio et al., 2017a) .
In a previous experimental work (San Pio et al., 2017a) , it was already reported that the kinetics of the reduction of CuO to Cu according to Eqs. (1) and (2) are very fast, relative to the reduction kinetics of the spinel compounds. Thus, the reduction of CuAl 2 O 4 to CuAlO 2 , Eq. (4), causes a slow-down in the reaction rate, where the conversion only slowly increases with time with a reaction rate almost independent of the reaction temperature. The reduction of CuAl 2 O 4 to Cu, Eq. (3), is favored at higher temperatures, which results in an increase in the conversion before the slow-down in the reaction rate at higher temperatures (San Pio et al., 2017a) . The reduction and oxidation mechanisms are explained in Fig. 17 . The objective is to further extend the pseudo-homogeneous model to quantitatively describe these effects. Compared to the timescale of the reduction of the spinel species the reduction kinetics of CuO can be considered very fast, allowing the simplification to a pseudo-homogeneous model. Moreover, it was concluded from X-ray tomography images taken during the reduction reactions in a syncrotron (San Pio et al., 2017c ) that the spinel species are homogeneously distributed throughout the particle. In this section, the pseudo-homogeneous model is extended including the reduction rates of the spinel compounds to predict the redox kinetics of CuO/Al 2 O 3 . Initially only tenorite-spinel is taken into account to study the effect of the three spinel reductions, and subsequently all the reduction rates are included. The oxidation reaction is also described.
To calculate the amount of tenorite and cuprite spinel, a quantification has been carried out according to the results obtained in the TGA, as has been done in a previous work (San Pio et al., 2017a) .
At 600°C, only the reduction of CuO to Cu occurs, which is the conversion before the decrease in the reduction kinetics at around 40% conversion (San Pio et al., 2017a) . The difference between the conversion achieved before the decrease in the reduction rate at 600°C and at 1000°C is 60% (between 40 and 100% conversion) due to the full reduction of CuAl 2 O 4 and CuAlO 2 to Cu at high temperatures. It is known (according to the specifications of the CuO/ Al 2 O 3 oxygen carrier -Sigma Aldrich) that 12.5 wt% is CuO, so that the content of Cu in the oxygen carrier is 10 wt%. The first 40% conversion corresponds to the reduction of CuO to Cu, which thus amounts to 4 wt% CuO. The remaining, 60% conversion (from 40% to 100%) has to be due to the reduction of CuAl 2 O 4 and CuAlO 2 to Cu, so that the amount of CuAl 2 O 4 + CuAlO 2 present is 6 wt%. These results have been corroborated and they are in good agreement with the results found in an X-ray tomography study (San Pio et al., 2017c) , where it was elucidated that for the same CuO/Al 2 O 3 oxygen carrier, 30 wt% was the active material in the CuAl 2 O 4 form, corresponding to 10 wt% of active Cu, as found from the TGA experiments. Initially, when the sample is fully oxidized (fresh material), the carrier contains CuO, Al 2 O 3 and tenorite spinel (from XRD). Therefore, at the end of the oxidation and thus the beginning of the reduction cycle, the amount of tenorite spinel, CuAl 2 O 4, is 6 wt%. At the end of the reduction, cuprite spinel and tenorite spinel have been observed with TGA. The concentrations are different at different temperatures, because the reduction of the spinel compounds are favored at higher temperatures (San Pio et al., 2017a) . Comparing the tenorite and cuprite spinel concentrations at the end of the reduction and using the fact that the initial concentration of CuAl 2 -O 4 is 6 wt%, the concentrations of CuAl 2 O 4 and CuAlO 2 have been calculated and they are summarized in Table 7 . The final amounts after the reduction reaction are the initial amounts for the oxidation reaction, explained in Section 3.4.
Only tenorite spinel included
The mass change in the TGA during the reduction of CuO/Al 2 O 3 has been measured for different temperatures ranging from 600 to 1000°C. For the reduction at 1000°C, the reaction rate of the reduction to Cu is very fast and full conversion is reached very quickly, in contrast to the reduction at lower temperatures, where after a fast initial conversion the reaction rate is slowed down enormously, and the value at which the conversion rate is slowed down depends strongly on the temperature. At 800°C and 600°C the conversion is incomplete, and the reduction rate slows down at around 80% and 50% conversion approximately.
To quantitatively describe the reduction kinetics of CuO/Al 2 O 3 , as a first step, only the formation and reduction of tenorite spinel is included into the pseudo-homogeneous reduction model (see Eq. (3), where the reaction order of H 2 is zero (San Pio et al., 2017b) ).
In Fig. 18 , the comparison between the model predictions and experimental results for the reduction at 600°C, 800°C and 1000°C is shown. The model describes the experimental results reasonably for higher temperatures, but when accounting only for the reduction of CuAl 2 O 4 to Cu, the pseudo-homogeneous model fails to describe well the slow-down in the reaction rate at lower temperatures, although the final conversion is described quite reasonably. This clearly shows that the reduction of CuAl 2 O 4 to CuAlO 2 is responsible for the slow-down in the reaction rate and that all the reduction reactions of both tenorite and cuprite spinel need to be accounted for in the model. From the fitting of the reduction of CuAl 2 O 4 to Cu, the pre-exponential factors and activation energies were obtained for the first spinel reduction, Eq. (3) (The Arrhenius plots are shown in supplementary material). The values have been summarized in Table 8 .
Both tenorite spinel and cuprite spinel included
After observing that the other spinel reduction reactions were necessary to properly describe lower reaction rates at lower temperatures, they were also included in the model, where the reaction constants for the first spinel reduction have been fixed at the values obtained in Section 3.3.1. The reaction rate expressions for the three reduction reactions of the spinel compounds (Eqs. (3)-(5)) are described as follows:
For the reduction at 1000°C there is no significant difference between the model accounting only for the first spinel reduction, Eq. (3), and the model accounting for all the three reduction reactions (see Fig. 18 ), related to the fact that the reduction of CuAl 2 O 4 to Cu is dominant at high temperatures. After including all spinel reduction reactions, the reaction rate at 800°C and at 600°C can also be described well, as evident from Fig. 19 . This corroborates the conclusions from our previous work (San Pio et al., 2017a) , that the reduction of CuAl 2 O 4 to CuAlO 2 is responsible for observed sudden decrease in the reaction rate, and that the extent of the reduction of CuAl 2 O 4 to Cu determines the conversion achieved at different temperatures, which is favored at high temperatures. Also for the second and third spinel reduction reactions an Arrhenius type temperature dependency is assumed and the results are shown in Table 8 . (The Arrhenius plots can be found in supplementary material). For an even more accurate description of the reduction kinetics, especially for shorter times, the pseudo-homogeneous model could be combined with the shrinking core model from Section 3.2 for the reduction of copper oxide to copper via cuprite, although the pseudo-homogeneous model for the reduction of copper oxide already provides a very good description for the overall kinetics in view of the relatively slow spinel kinetics.
Oxidation reaction for CuO/Al 2 O 3
For CuO/Al 2 O 3 , it was previously shown (San Pio et al., 2017a) , that during the oxidation with air no decrease in the reaction rate was observed and the same final conversion was obtained, independent of the temperature. Therefore, it was assumed that the oxidation from Cu to CuO occurs very fast with a direct route (Eq. (6) 
The model has been validated with three different temperatures for the oxidation reactions. In Fig. 20 , the comparison between the model predictions and the experimental results for the oxidation reactions at 1000°C and 800°C shows a good agreement, from which it can be concluded that the model is able to accurately describe the oxidation kinetics for CuO/Al 2 O 3 .
The validation of the model with the oxidation experiments has been done for all the experimental conditions, viz. 1000°C, 800°C and 600°C, but only the oxidations at 1000°C and 800°C are reported here. The pre-exponential factors and activation energies were calculated for the three reaction rate constants assuming an Arrhenius type dependency (the Arrhenius plots are shown in supplementary material). The obtained values are listed in Table 9 . The activation energies are virtually zero, which corroborates the results obtained from the TGA, where it was observed that the oxidation reaction hardly depends on temperature (San Pio et al., 2017a) .
Conclusions
A detailed study was carried out to investigate and describe the reaction kinetics of the reduction of CuO/SiO 2 and CuO/Al 2 O 3 oxygen carriers.
First the oxygen uncoupling and reduction kinetics of the CuO/ SiO 2 was investigated. The kinetics could be well described with a shrinking core model describing the concentration profiles inside the grain, and also quite reasonably with a simplified pseudohomogeneous model, incorporating the reduction of CuO via Cu 2 O to Cu. The activation energies for the reduction of tenorite and cuprite were found to be negligibly small.
Secondly, the redox kinetics of a CuO/Al 2 O 3 oxygen carrier were determined. Assuming that the reduction kinetics of CuO to Cu is independent of the support, the pseudo-homogeneous model was extended to include the reduction pathways via the spinel compounds. It was shown that indeed the slow reduction rates of the spinel compounds is responsible for the marked decrease in reaction rates, and that this can be well described with the developed pseudo-homogeneous model, where only the activation energy of the tenorite spinel reduction is very high.
In a future work, the developed pseudo-homogeneous kinetics model for the oxygen uncoupling, reduction and oxidation reactions of CuO supported on SiO 2 or Al 2 O 3 can be implemented in a reactor model to investigate the effects of the redox kinetics on the operation and performance of packed-bed reactors for chemical looping combustion. 
